The challenge of selecting an appropriate wastewater treatment plant (WWTP) site is addressed in this study, using the case study of Bahir Dar City, Ethiopia. An innovative approach is proposed for selecting the WWTP site. Fifteen practically feasible alternatives were identified based on the geographical information system (GIS) based hydraulic design and considering the overall economy of the system. The three dimensions of sustainability were considered while evaluating alternatives through incorporating economic, social, energy and environmental criteria in decision-making. The multiple attribute decision making (MADM) method was applied to prioritize the alternatives. Four scenarios representing the different perspectives of choices were used for weight elicitation. The results of the study show that the developed decisionmaking approach identified practically feasible alternatives. The framework and decision-making methodology developed in this study helped to facilitate the decision making by local government in a holistic view that incorporates environmental management in the city of Bahir Dar.
INTRODUCTION
Globally, it is well-documented that increasing population size, rapid rates of urbanization, industrialization, and consequent increasing demands on water supply result in generation of polluted effluent and solid waste. At the same time, countries are still battling to increase water and sanitation coverage in order to meet demand (WHO/UNICEF, 2017).
For example, in Ethiopia, a study by Teshome (2007) revealed that water supply and sanitation coverage is one of the lowest in the world. Additionally, the 2015 report by WHO/UNICEF (2015) indicated that there had been moderate progress on sanitation coverage between 1990 and 2015, with the proportion of the 2015 population that gained access since 1990 sitting at 27%. The particularly low sanitation coverage for Ethiopia has also been reported in earlier studies (Lüthi et al., 2010; Moe and Rheingans, 2006; WHO/UNICEF, 2006) . Since sanitation and disease burden are correlated, , in Amhara region (where Bahir Dar City is located, in the northwestern part of Ethiopia) with a population of about 19 million, approximately 90 000 children under 5 years of age die annually from diseases related to poor sanitation.
In Bahir Dar City, sanitation technologies like septic tanks, pit latrines, and ventilated improved pit latrines (VIP) have been declared to not be environmentally friendly. Moreover, Bahir Dar City has no centralized or decentralized wastewater collection, conveyance nor treatment technology. Hence, establishments discharge untreated wastewater directly into the nearby water bodies, with partial or no treatment. The challenge is then that improperly dumped faecal material severely impacts the quality of ground and surface water resources (Kumie and Ali, 2005; O'Loughlin et al., 2006; Tilahun and Collick, 2011) . In this context, it is essential for urban local bodies (ULBs) in Ethiopia to develop adequate sewerage and sanitation infrastructure facilities. The first step towards this would be to plan and design such facilities.
Thus, the present study focused on selection of a site for a wastewater treatment plant (WWTP) for Bahir Dar City. In this city, the available quantity of water is sufficient to meet the demand of the entire population; however, the available water resources have not been utilized efficiently. Besides, there is a long list of water-related problems, including lack of sanitation as well as pollution of surface and ground water (HEHECE, 2000) . Hence, the challenges abound to increase food supplies and preserve environmental amenities because of inadequate freshwater conveyance systems and lack of wastewater treatment and reclamation systems. For Bahir Dar City, it is essential to devise an optimized sanitation system to mitigate against pollution of freshwater and enhance production of adequately recycled wastewater, which will considerably reduce ecological pressure on Lake Tana and the Blue Nile River. For these reasons, it becomes vital to choose the most suitable wastewater treatment plant sites, considering specific criteria and indicators.
Site selection has been a widely evaluated problem for many other facilities such as landfill site selection in solid waste management (Banar et al., 2007; Javaheri et al., 2006; Paul, 2012; Sumathi et al., 2008) , nuclear power plant site selection (Kurt, 2014) , and site selection of aquifer recharge with reclaimed water (Pedrero et al., 2011) . Specifically, for on-site selection for WWTPs, there are limited studies reported in the literature. For those that are available, some have proposed a heuristic screening method for regional planning of wastewater treatment systems where the optimal location is selected based on transportation cost 783 and regionalization efficiency. For example, Makropoulos et al. (2007) reported the use of a spatial decision support tool (DST) for optimal siting of wastewater treatment technologies. The tool was based on fuzzy logic and multi-criteria decision making (MCDM), which incorporated uncertainty and decision makers' attitudes towards risk in the decision making problem. Makropoulos et al. (2007) developed a DST based on MCDM for siting new WWTPs. A set of general, land-use planning, geomorphological, and hydrogeological criteria, and also a few specialized criteria, was used for the evaluation.
A novel approach is proposed in this work, integrating hydraulic model outcomes with indicators accounting for technical, economic and environmental criteria. The present approach differs from those of past studies in two major perspectives. Firstly, the sites considered for the evaluation were identified from an optimal geographical information system (GIS) based hydraulic design of a sewerage system in Bahir Dar City. Secondly, all possible practical criteria were considered for the evaluation.
MATERIALS AND METHODS
The overall method flowchart is presented in Fig. 1 . Many factors such as field feasibility, energy consumption, cost and social issues were considered while developing methods for WWTP site selection. As shown in Fig. 1 , the methodology is based on multiple tools and techniques of advanced planning and management. The following manuscript sections describe the method step-by-step.
Geographical data and demographic analysis
Bahir Dar City is located approx. 578 km north-northwest of Addis Ababa in the north-western region of Ethiopia, on the southern coast of Lake Tana. The geographical location of Bahir Dar City lies between longitude 37°20′0″ E and 37°28′0″ E and latitude 11°30′40″ N and 11°36′35″ N. The city is at the emerging point of the Blue Nile River and is surrounded by ancient monasteries, which are tourist attractions. The study area consists of 4 zones. According to the 2006-2007 population and housing census results, the population of the city was 180 770 (CSA, 2006-7) . The predicted growth rates and zone wise populations are given in Tables A1 and A2 in the Appendix, respectively. The city has an approximate area of 42 000 ha of which 2 258 ha (17.2%) are covered with water bodies. Of the total land area, 3 842 ha are suitable for construction while the rest is unused land (BDIDP, 2006) . The land use map, road network map, river map, digital elevation model (DEM) map, and soil map were used for this study.
Wastewater management practices in Bahir Dar City are not adequate and there is need for large infrastructure development. Most of the existing individual housing does not have access to a sewer network but rather uses pit latrines and septic tanks. Moreover, wastewater-generating institutions do not have their own wastewater treatment and management systems. Their wastewater disposal provisions are not different from those of individual housing units in the city. They also discharge wastewater into Lake Tana and the Nile River through pipes and open ditches. Such discharges pollute the environment, create offensive smells and aggravate the conditions for spreading communicable diseases (Mekonnen, 2012; Suominen et al., 2010) .
Hydraulic design (identification of possible sites)
Bahir Dar City sewerage system design was carried out in order to identify possible sites for a WWTP (outfalls). The wastewater generation was estimated for residential, commercial and small-scale industrial or manufacturing plants based on population projections. The average dryweather flow was calculated based on per capita water supply demand of Bahir Dar City. It was assumed that 80% of water supply was generated as sanitary wastewater and the peak dry-weather flow was obtained by multiplying the average dry-weather flow by the peaking factor of 2.25 for the design population. The estimated load from each service is shown in Table 1 .
The hydraulic design was carried out using ArcGIS and SewerGEMS software. Projected population (Table A2 , Appendix), land-use map, elevation map, road network map and current condition of the city were taken into consideration for the sewerage system design and analysis. For the purposes of this study, the locations of sewage outfalls shown in Fig. 2 were decided based on a flow accumulation map (final pouring points, i.e., lowest elevation). Based on these locations (outfalls) the sewerage network was designed and simulated in SewerGEMS. Thus, Fig. 2 shows the outcome of the hydraulic model.
Articulation of possible alternatives
As shown in Fig. 2 , 5 possible locations for WWTPs were identified. After screening the results from hydraulic design, it was found that it was not possible to transfer the wastewater from the location of Outfall 5 due to the U shape of the lake in between OF-5 and other outfalls (simply, OF-5 is located north-west of the lake while other outfalls extend from northeast to the southern part of the city). Hence, it was decided on this outfall as one separate alternative WWTP site without interconnection with the other outfalls.
The next question addressed was whether, for the remaining 4 outfalls, the WWTP needed to be constructed at 1 location, such that wastewaters from other locations could be transferred to a common place, or whether WWTPs should be constructed at multiple locations. This led to formulation of multiple combinations of alternatives for the evaluation. Various possible combinations of alternatives were formulated by changing the Key data used for the estimation of cost shown in Table  2 are projected sanitary load/flow rate, pumping time, total pumping head and electricity cost. The inter-location transfer path from one outfall to the other is decided by the minimum cost approach. Hence, all 15 alternatives listed in Table 2 are the most practically feasible alternatives requiring minimum energy and minimum capital costs. Rigorous field information about all 4 outfall locations was obtained through field visits and data collection. Table 3 thus shows the information gathered on the 4 locations, which helped in formulation of alternatives and understanding the operation of these alternatives.
Criteria and indicators
Various aspects need to be taken into account for selecting the site for a WWTP. Apart from technical feasibility, the three dimensions of sustainability need to be considered as well. Various sustainability criteria and indicators such as technical efficiency, minimization of environmental impacts and health risks, cost efficiency, public participation and acceptability have been proposed and applied for the site selection problem (Azar, 2000; Benedetti et al., 2010; Flores-Alsina et al., 2008; Sharifi and Retsios, 2004; Sumathi et al., 2008; Yoon and Hwang, 1995; Zhao and Yang, 2009 ). Based on the comprehensive literature review and considering the available data, 4 criteria were selected to rank wastewater treatment plant site alternatives. Each of the criteria has one or more indicators (attributes) shown in Table 4. The energy consumption requirements for each alternative were estimated using design flow rates, hydraulic design results and downturn levels of the outfall locations. The energy required for local pumping, meaning wastewater transfer from outfall invert level to WWTP inlet level was estimated using dynamic hydraulic head difference available from hydraulic designs. Similarly, energy required for inter-location transfer, meaning transfer of wastewater from one outfall location to another (for example, in Alternative 6 in Table 2 , wastewater needs to be transferred from OF-3 to OF-2) was estimated. Table A3 (Appendix) provides detailed information about local pumping energy and inter-location transfer energy requirements for all 15 possible alternatives.
Further, it was assumed that energy required for WWTP operation is 25% of the total energy required for pumping (Kadar and Siboni, 1998; Michel et al., 1969; Tsagarakis et al., 2003) . The sum of local pumping, inter-location transfer and WWTP operation energy requirement in kWh/yr was used as an indicator representing criteria for energy consumption. Table 5 shows the summarized score for all alternatives and criteria.
Economic criteria expressed as net present value (NPV) were quantified as per the present worth method, prescribed in the Indian Standards (BIS, 1994) . NPV accounts for both capital costs and operation and maintenance (O&M). The capital costs included the cost incurred for civil works, electromechanical equipment and the cost of land. It was assumed that capital costs are 25% of total operational costs required for the particular alternative (Kadar and Siboni, 1998; Michel et al., 1969; Müller, 2003; Tsagarakis et al., 2003) . O&M costs included electrical energy costs required to operate the WWTP, inter-location transfer, local pumping, labour costs, 
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spare parts and maintenance costs. It was assumed that O&M costs are 19% and miscellaneous costs are 5% of the total operational costs (Kadar and Siboni, 1998; Michel et al., 1969; Müller, 2003; Tsagarakis et al., 2003) . Social criteria are often neglected from decision making for site selection. However, this is one of the important criteria as it considers compatibility of the facility in terms of the distance from human settlement, public benefit and mitigation of impacts to the host community, by evaluating the present and anticipated future use of the surrounding area where the new site is proposed (Lober, 1995) . As shown in Table 4 , in this study 3 indicators were used for incorporating social issues in the WWTP site selection problem.
Land acquisition is one of the major challenges in any developmental project. Hence, it is important to consider this indicator in decision making. Land use permitting or zoning shall be compatible with the host neighbourhood and sufficiently flexible to enable opportunities for vehicle movement and infrastructure development. Furthermore, this indicator has focused on change from existing use and minimal displacement of housing and businesses. Each community has a different culture, attitudes, and habits for the reuse of waste and sanitation and hence acceptability is a crucial socio-economic factor for the selection of a WWTP site. In this study the acceptability indicator represents these social acceptance issues along with aesthetics of the surrounding area and distance from the residential zones and public buildings (schools, hospitals).
The third indicator in social criteria incorporates the issues of local development and creation of public participation. This is one of the important aspects to make any developmental project successful. If the local development goes hand-in-hand with infrastructure development projects, then the projects will become successful on a social front, with enhanced sustainability.
The local environmental aspect is an important consideration in any site selection problem. Environmental criteria cover surface water and groundwater quality, land cover and ecological character, site management and public health (Paul, 2012; SAHC, 1998; Sumathi et al., 2008) . In this study, due to data availability considerations, deterioration of local water resources quality is considered as an indicator. The selected wastewater treatment plant site alternatives might discharge the treated or untreated wastewater, i.e., overflow sewage into the neighbouring water body. This particular attribute attempts to account for the proximity to groundwater and surface water, reclaimed water to river outfall, and potential raw sewage discharge into the water. As is evident from the list of indicators in Table 5 , the indicators NPV and energy consumption are quantitative. The indicators accounting for social and environmental issues are qualitative. Hence, a different approach is needed to quantify the qualitative indicators. Land acquisition, acceptability, local development and public participation, and water quality deterioration were quantified using a cardinal scale (1-1 000) based on authors' field visits, expertise sought, discussion with municipal authorities and native knowledge about Bahir Dar City (Table 3) .
Weight elicitation
Weighing is an important part of MADM, which affects the results. Weight elicitation can be carried out using various approaches. Use of direct rating using cardinal scales or the AHP method is common (Saaty, 1980; Saaty, 1990) for weight elicitation. Direct rating was adopted in this study for weight elicitation. Also, it is important to structure the decision problem correctly (formulation of scenarios) to obtain stable ranking results using MADM (Kalbar et al., 2012) . Hence, in this study, as shown in Table 6 , we used 4 sets of weights representing 4 scenarios. The 4 scenarios include equal weights to 3 criteria (economy, energy and environment and social issues), higher weight to economy, higher weight to energy and environment and higher weight to social issues. Considering these 4 scenarios, weight elicitation using a direct rating method was carried out for all the indicators.
Ranking of alternatives with TOPSIS
Many MADM methods are available for ranking the alternatives (Yoon and Hwang, 1995) . In the context of environmental decision making TOPSIS has been used as the most suitable method for evaluation of alternatives (Kalbar et al., 2012) . The ability of TOPSIS to consider positive and negative aspects of the alternative simultaneously makes the method more suitable for environmental problems. The intuitive nature of human thinking to strike the balance between cost and benefit types of indicators is mimicked in TOPSIS. Hence, TOPSIS has been chosen for the ranking in this study. The detailed method and theory behind TOPSIS is described in Kalbar et al. (2012) .
RESULTS AND DISCUSSION
Site selection problem for WWTP are addressed in this study. This complex decision-making problem is structured in 3 layers. First, the hydraulically feasible WWTP locations (outfalls) were identified using GIS-based hydraulic design. Then, all the practically possible combinations were worked out in order to formulate the set of 15 possible alternatives. Finally, these 15 alternatives were evaluated using the MADM method in order to identify the best alternative.
Results of the ranking using the TOPSIS method are presented in Table 6 . Thus, for the 3 scenarios, Alternative 12 (WWTP at OF-1, OF-2 and OF-3) was identified as the best alternative. Further, it is interesting to note that Alternative 15 is ranked as 2 nd in the first 3 scenarios. For the scenario 
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in which a higher weighting was given to the social criteria, Alternative 15 was identified as the best one. The preference for Alternative 12 can be justified in the context of site-specific information given in Table 3 . The site-specific information reveals that the relative open area available at each of the outfalls varies drastically. The outfalls (OF-1 to OF-4) have relative open areas of 12%, 28%, 46% and 14%, respectively. Hence, the results of ranking match with the advantages and disadvantages posed by the locations of each site. Selection of Alternative 12 implies that all the wastewater collected at OF-4 (9.35 MLD) shall be transferred to OF-2 and a bigger WWTP constructed of about 33.92 MLD capacity at OF-2, which is feasible looking at the 28% of relative open area at OF-2. Similarly, a bigger WWTP can be constructed at OF-3, if Alternative 15 is implemented. In any case, the evaluation of alternatives shows that a WWTP at OF-4 should not be implemented, the reasons for this being the small surrounding area near OF-4 and low wastewater flow. Also, it seems logical that as the wastewater quantity collected at OF-4 is small it can be easily transferred to a nearer outfall, which is evident from the ranking results.
Additionally, Alternative 2 is ranked 15 th for 3 scenarios, showing that constructing a single large WTTP at OF-1 is not at all desirable. This can be due to the sensitive local social and environmental conditions. Alternative 5 ranked lowest of the scenarios where higher weighting to economy was given. This justifies that as the wastewater flows at other outfall locations are high, transferring wastewater from these outfalls to OF-4 will not be economical. Overall it was found that constructing a large WWTP at OF-1 and OF-4 is not feasible from social, economic and environmental perspectives.
Hence, the choice of Alternative 12 (constructing WWTPs at OF-1, OF-2 and OF-3 by transferring wastewater flow from OF-4 to OF-2) is the most appropriate strategy which matches the local conditions. In order to examine the robustness of the final results regarding the selection of a wastewater treatment plant site, sensitivity analysis was elicited for each of the criteria and indicators with respect to alternatives. It is indispensable to analyse how each criterion affects the ranking of alternatives and to determine the weight range within which the ranking will not change. It can be noted from Table 7 that Alternative 5 (with the threshold value of −10.02%) has the minimum global criticality degree among the alternatives in the equal weight scenario for a particular economic indicator (inter-location transfer cost).
This implies that Alternative 5 is the most sensitive alternative in the equal weight scenario, and a a relative increase of more than 10.02% in this indicator will affect the ranking and will lead to swapping the rank of Alternative 5 with Alternative 14. Additionally, the sensitivity coefficient for Alternative 5 is the highest, which indicates that Alternative 5 is the most sensitive alternative to the respective criterion as is clearly shown in Fig. 3 . The figure also shows that the rank of Alternative 12 is not sensitive to any of the criteria and thus its rank will not change.
Although the results from the present study are interesting and reflect correctly on the field situation, there are some limitations of the study that need to be taken into account when using the results in further applications. Some gross assumptions were made while making cost estimates for capital costs and O&M costs.
Additionally, the energy consumption requirement for operation of the plant was assumed based on secondary literature. However, this does not affect the results, as it can be seen that the capital cost investments or O&M costs will follow the ratio of wastewater quantities to be treated; hence it is envisaged that the results of this preliminary analysis remain unchanged during detailed evaluation. 
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CONCLUSIONS
The Bahir Dar City presently lacks water and sanitation infrastructure facilities and is in the phase of planning and development of these facilities. In this context it is highly relevant to take a systemic approach to decision making while planning and designing these facilities. The present study addresses the site selection problem for WTTP at Bahir Dar City. A three-tiered approach was adopted to solve the complex decision problem of site selection for WWTPs. A GIS-based hydraulic design of the underground sewer system was carried out to identify feasible outfall locations. From these feasible outfall locations, a set of 15 possible alternatives was formulated. These 15 alternatives were evaluated in detail to quantify the economic, environmental and social performance.
The quantified indicators were used to rank these alternatives under various scenarios using MADM methodology (TOPSIS). The results from ranking showed that Alternative 12 (constructing WWTPs at OF-1, OF-2 and OF-3 by transferring wastewater flow from OF-4 to OF-2) is most feasible from all three dimensions of sustainability. The results of ranking also helped to understand that, overall, constructing large WWTP at OF-1 and OF-4 is not feasible from social, economic and environmental perspectives.
The developed decision-making approach is robust and provides a decision support system for municipal authorities of Bahir Dar City. The framework, in future, can be extended further to include choice of wastewater treatment technology in the context of overall planning for the city. 
